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Results and Conclusions 










Previous reflectance study in our laboratory has 
shown that stilbenes ~nd azobenz e nes adsorbed on alumina . 
or silica undergo a more-or-less reversible loss of 
olefinic double bond character up on irradiation at 
appropriate wavele ngths, and an intermediate was proposed. 
The purpose of this work was trying to characterize the 




Stilbene exists in two isomeric forms. The molecular 
structure of tran s-st ilbene ·was found to be almost planar 
in the solid state with the phenyl rings only slightly 
twiste d from the general plane of the molecule, 1 and a 
careful study by Suzuki 2 indic ates that it is safe to 
, 
assume the molecule to be planar in solution as \'Jell. The 
phenyl r-ings of cis-stilbene are twisted by about 30° to 
relieve the ste r ic interaction effects in the ortho 
hydrogens. 3 Both thermal and photoinduced isomeriz ations 
are known to occur. 
Thermal isomerization of cis - stilbene takes place · 
both i n solution and in the vapor phase. The energy of 
activation in solution is 46±2.0 kcal/mole 4 and in the 
vapor phase 42.6±1.0 kcal/mole. 5 The isomerization can 
occur either through the vi .br at ionally excited ground 
state or the first excited triplet, where the olefinic 
bond has less double bond character. 6 Isomerization in 
solution is catalyzed by radicals such as Br, 7 Lewis acids 
like A1Cl 3 ,
8 and Broensted acids such as H2so4 .
9 All 
have the effect of removing the double bond character from 
the olefinic bond. 
The photochemistry of stilbene adsorbed on solid 
surfaces, as previously reported, lO, 11 exhibits a slightly 
3 
altered behavior that is summarized in Figure 1. 
Irradiation at 313 nm of trans-stilbene adsorbed on silica 
gel in a cyclohexane slurry results in a photostationary 
state containing 60% cis-stilbene, while similar studies 
on alumina give approximately 20-30% cis-stilbene and 
70-80% trans-stilbene. Formation of dihydrophenanthrene 
{DHP) occurs to a limited extent with irradiation above 
300 nm, but is more significant at shorter wavelengths. 
DHP is converted to phenantl1rene with oxygen present, 
even though the th erma l dec ay to cis-stilbene is 
appar ent ly accelerated by alumina or silica ge1. 12 
Irradiation of ph ena nthrene below 300 nm in the presence 
of oxygen pro duces 9,10-ph ena nthroquinone. 
In the above-mentioned studies of adsorbed stilbene, 
the ~esultant irradiation products were all identified 
following rapid removal from the surface of the solid 
matrix. A careful study by Hecht and Jensen 13 indicates 
that trans-stilbene adsorbed on 150°C activated neutral 
alumina using vacuum line techniques showed a complete 
loss of the trans peak upon irradiation, followed by a 
slow return for 22.5 hours at 95°C. The intermediate for 
irradiated trans-stilbene adsorbed on alumina was also 
proposed (see Figure 2). 
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Figure 1. Photochemical behavior of stilbene on a 
solid matrix ( 10,11 ) 
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Figure 2. The proposed intermediate for irradiated trans -stilbene adsorbed 
on alumir1a (13) --
(J'1 
Azobenzene 
trans-Azobenzene crystallizes in the monoclinic 
system and two almost planar centrosymmetrical molecules 
6 
(which may not be identical) contribute to the asymmetric 
unit. The structure was described and the mean dimensions 
of the molecules were gi~en by Robertson. 14 The N = N 
0 
distance of 1.23t0.05A w~s determined. Th~ C~N distance 
0 
is 1.41±0.03A~ implying conjugation between the benzene 
ring and theN= N ~and. TheN= N-C angle is 121.5±3°~ 
The cry, s t a 1 s t -r u c t u r e of c i s - a z o b en z e r: e 'II as a 1 s o 
studied by Robertson. 14 The system is orthorhombic. The 
N = N. distance~ C-N distance and N = N-C valency angle 
0 0 0 
are 1.23t0.04A, 1.45±0.04A and 125±4 , respect i vely. 
In 1960, Lewis 15 found that irradiation ~f azcbEnzene 
in 22N sulfuric acid and gi~es benzo (c) cinnoline (!II), 
and similar results were reported independently and 
almost simult aneously by Hugelshofer~ Kalvoda ~nd 
Schaffner 16 for solutions in acetic acid containi~g f~rric 
chloride. In 22N s u lfuric acid azobenzene exi~ts almost 
entirely in the proton a ted form and it has been ~hOWfl that 
cyclization is preceded by rapid trans 
_ _.. 
cis isomeriza-~-
tion of the cations ( I ~ I I ) . 17 -The cyclization in ...--
sulfuric acid appears to be a photochemical disprcportion-
ation: half the azobenzene undergoes cyclodeh ydrogenatio-nj 
the other half undergoes reduction to hydrazobenle~e (I V), 
which rearranges in acid solution to give -benzidine 
(V). 18 Hence, a sequence of reaction schemes (Figure 3) 
may be written to describe the photochemical reaction of 
the parent compound in sulfuric acid. Sometimes the 
yield of cyclized product exceeds 50%, 19 and it seems 
likely therefore that the hydrazo compound (IV) also 
7 
undergoes disproportionation to some extent, yielding the 
cor r esponding amine (VI) _and the azo compound (I), which 
then re - enters the cyclization sequence. 
Alumina 
Infrared studies of hydroxyl groups and adsorbed 
molecul e s on solid adsorbents are 6f wide current interest. 
Solids imposed serious limitations on such studies. 
Powders show poor transmission of · infrared radiation 
because of losses from scattering and reflection. Pressed 
disks give improved transmission, but are poorly 
permeated by gases and exhibit changes in surface charac-
ter. 
Highly porous alumina aerogel, in transparent plates 
of essentially uniform thickness and density, has been 
successfully used by Peri 20 in infrared studies. These 
plates offer decided advantages in studies of adsorbed 
molecules at low surface coverages. 
Plates were made by controlled slow gelation w_ith 
ammonia vapor of layers of alumina sol suspended on a 
0-~~ ~-~ 
( \ I T' ~ ·- ) 







Figur·e 3. Photochemical reaction of the azo compound 
in sulfuric acid 
8 
dense, immiscible liquid. The detailed procedures will 
be described in the experimental part. 
Alumina (Al 203 ) .occurs in various crystallographic 
modifications. 21 Among these, two high-area transition 
9 
forms, eta (~)- and gamma (Y)- alumina, are of greatest 
catalytic interest. Both 1. an·d o -Al 2o3 possess defect 
spinel lattices which are slightly tetragonally distorted, 
this distortion being more pronounced in the~- phase. 
An idealized model of the alumina surface consists of 
oxide ions (0 2-) f~rming a surface layer with aluminum 
ions (Al 3+) .lying in t he next lower pla ne , equidistant 
from four surface oxide ions. Charge neutrality requires 
that one-fourth of the aluminum ion sites be ~acant. 22 
This simple surface is altered by the presence of 
-
·adsorbed water and five distinct types of hydroxyl 
groups, 23 the concentration of which can be altered by 
heating. Water which has not been adsorbed as a monolayer 
is remo~e d at temperature less than 300°C, while most 
adsorbed water is lost at higher temperatures. 21 With 
temperatures between 300° and 800°C, hydroxyl formation 
can also occur depending upon the a~ailability of water. 24 
-
Three of the five hydroxyl group types can survive at 
temperatures up to 800°C. 23 The number of exposed 
aluminum ions increases with the loss of water and 
hydroxyl groups from the surface. 24 
10 
The adsorption of olefins on the surface of alumina 
is thought to occur as the result of electrostatic 
interaction between the~ electrons of the olefin and the 
positi~e field of the aluminum ion, 22 , 25 the positi~e 
field being greatest directly o~er the aluminum ion. 22 
The exact nature of this interaction se ems to depend on 
the specifi c environment of an exposed aluminum ion 25 
and also possibl y upon the availability of empty p-type 
aluminu m orbitals on the surface. 25 , 26 
Rosy nek and Hightower 27 ha~e postulated the existence 
of four differe nt types of sites on a r-A1 2o3 , namely 
A- and B ~ sites for ch emis orption of 1-butene, an I-sit e 
for isomer ization of 1-butene and an E-site for o2 
exchang e. In all cases the sites appear to involve 
~xpo3ed aluminum ions. The alumina surface is extremely 
complicate d. However, for most chemisorption and 
catalytic processes highly charged defect sites are 
required. 
Silica 
Silica occurs in three "common" crystalline forms 
and in an amorphous form. The three common crystalline 
forms of silicon dioxide are 28 quartz, which is thermo-
dynami cally stable below 870°C; tridymite, which is 
stable from 870 to 1470°C; and cristobalite, which is 
- 0 . 
stable above 1470 C. All three forms are found in nature, 
the latter two being in thermodynamically unstable 
states~ Silica gels are usually obtained by the poly-
condensation of orthosilicic acid, formed from sodium 
1 1 
silicate in aqueous solution, or by hydrolysis of esters 
or halides of these acids {SiC1 4 ); porous glasses {96% 
silica) are produced by leaching sodium borosilicate 
glasses with aqueous solutions of acids or ammonia ; 
Aerosols (e . g., Aerosil and Cabosil) _are formed by the 
hydrolysis of SiC1 4 at a high temperature in a hydrogen 
flame. In 1966 Peri 29 de~eloped a way to prepare strong, 
clear sil~ca aerogel plates for infrared study. The 
detailed procedures of preparing the plates will also 
be described in the experimental parto 
30 . 
McDonald • s work represents some of the e~rl{eit 
infrared studies on surfaces _ He studied the infr~red 
spectra of s i lano l groups on the surface of Cabosil. 
After degass i ng at 300°C , Cabosil showed three different 
frequencies, 3750 cm- 1 f or i solated silanol groups, 
. ~ 
3660 em-• for hydroxyl group s with weak hydrogen bonds, 
and 3520 cm- 1 for strong hydrogen bends ~ When the sample 
: -1 
was heat~d~ th~ ~bsorption at 3520 em receded first; 
outgassing at 040°C l 2d to the disappearance of the peak 
. , 
at 3660 em-·~ and the intensity of the absorptior. at 
3750 cm- 1 increased at the same time. _The single sharp 
band that is obser~ed at 3750 cm-l after the drastic 
12 
dehydration at 940°C is attributed to the fundamental 
stretching vibra tio n of a hydroxyl · group attached to a 
silicon atom on the surface of the silica. The frequency 
of the band is typical of free ly vibrating OH groups, and 
its symmetrical appearance indica tes that there are no 
interactio ns between it and othe r mol ec ules or surface 
groups. Th ese groups are variously referred to as "free 
hydroxyl groups" or 11 i so 1 a ted s i 1 a no 1 groups. 11 The 
hydration and dehydrat ·ion of transpa rent silica plates 
were s tudied by Van Roosmalen and Mol. 31 They proposed 
a mech an is m for the hydration of silica gel degassed at 
87 5° K: (1) _physic al adsorpti on of water on residual 
.. 
hydro gen-bonde d vici na l silanol pairs; (2) _formation of 
-
more vic inal pairs by hydrolysis of surface siloxanes 
·rea c. ;led by t h e grow i n g wate r a g greg ate s ; ( 3 ) ad d i t i on a 1 
wat er adsorp tion on these new hydroxyls. Isolated sur-
face sil anols appeared to be _hardly involved in water 
vapor adsor ption. In 196 2 new chemic al methods for the 
determin ation of surface hydroxyls were described, 32 
using the reaction either with CH 3Mgi or CH 3Li, and 
volume tric measurement of the CH 4 e~ol~ed.
33 
The amount 
of methan e produced has been used to estimate the number 
of surfac e hydroxyl groups per unit surface area. 
34 -Peterson and co-workers have postulated three kinds of 
adsorption sites on silica aeroge l; namely A sites which 
are probably oxygen vacancies on the surface, B sites 
which are assigned to paired hydroxyl groups on the 
surface, and C sites which comprise 80% of the occupied 
surface and are primarily isolated hydroxyl groups. 
The nature of the interaction between the surface 
hydroxyl groups and the adsorbate has been related to 
13 
the el ectronic nature (ionization potential, polarizabil-
ity) .of the adsorbate. 35 In such an inter acti on, however, 
it is cle ar that the electron distribution in the surface 
OH bond must be equally as important as the nat ure of the 
adsorbate. The acidity of the surface hydroxyl groups 
is of som e importance in the elucidation of the mech anis m 
of catalyt ic cr acking reactions. The acid hydroxyl 
group s have been termed Br¢nsted sites in order to 
distinguis h these protonic acids from the electron-




Infrared spectroscopy has been of great value in 
the structural determination of molecules. Its applica-
tion to the study of surface chemistry has provided one 
of the most direct means of observing the interactions 
and pe turbations that occur at the surface during 




The range from 0.75«to 20Q·a~ namely, from just out-
side the visible region and extending up to the micro-
wave region is called the infrared. However, the so-called 
infrared region usually only covers the range between 2.5 
-
to 16a; the shorter and longer wavelength regions are 
-
called, respectively, the near- and far-infrared regions. 
Infrared light is also described in terms of wave-numbers, 
\vhich are the reciprocal of \'Javelengths expressed in 
centimeter units. 
The absorptio ~ is quantized. Therefore, only the 
infrared beam with a frequency exactly corresponding to 
that req uired to raise the energy level of a bond will be 
-
absorbed~ Actua l ly, vibrational spectra appear as bands 
rather than lines because a single vibrational energy 
chanJe is accompanied by a number of rotational energy 
-
changes. There are two types of molecular vibrations: 
stretching and bending. A stretching vibration is a 
vibration along the bond axis such that the distance 
between the two ato ms is increased or decreased. A 
- - . 
bending vibration involves a change in bond angles. 
-
Only those stretching and bending vibrations which result 
in a change in the dipole moment of the molecule are 
-
observed in the infrared. 
-
Several considerations for infrared spectroscopic 
study of surfaces are: 36 
15 
1. The adsorbent must be included in the infrared 
beam in addition to the requisite number of 
adsorb ed molecules. 
2. Most finely divided meta l adsorbents show intense 
absorption of infrared radiation, and are not 
thermally stable. It is necessary to su pport 
t hese metals on high surface area material of 
greater stability. 
3. The adsorb ent particle size is reduced be low the 
-
wavel ength of the radiation used for the purpose 




1. Alumina aerogel plate: 
The Infrared-tr ansparent alumina aerogel plates have 
been de~elop e d. 37 , 38 A solution required for making the 
alumina sol consists of 3.5 1 _of distilled water and 
45 ml of glacial acetic acid contained in a 4 1 beaker 
and heated by a water ba th to maintain the temperature 
at ~bout 122°F. T ~e acetic acid solution was stirred 
-
. slowly by a mechanical device. 
To prepare aluminu m amalgam, 0.01115 g of red 
mercuric oxide was added to 2.5 ml of distilled water and 
the product was then quickly poured onto 60 g of granu-
1ateJ alumi num metal. Sufficient water was added to 
cover the metal and the mixture was stirred vigorously 
to insure unifo rm amalgam ation of the aluminum. The 
reaction was . rapid and befor e it becomes too violent and 
after the amalgamation is substantially complete, 50 ml 
of water was added with stirring and the bulk of the 
liquid ·was immediately decanted. The aluminum was then 
repeatedly rinsed by adding water three times. The 
resulting aluminum amalgam must be transferred immediately 
to the acetic acid solution already prepared for con-
-
verting it into the alumina sol. 
li 
The alumina sol was stirred constantly for about 
24 hours. After the reaction was completed the resulting 
sol was centrifuged for settling any suspended particles. 
For the purpose of making alumina catalyst, the sol 
may be coagulated to gel by the addition of ammonium 
hydroxide. The ordinary 27° Baum~ ammonium hydroxide 
-
was diluted with an equal volume of water and sufficient 
-
was ~ added to adjust the pH value to about 6.8 to 7.8. 
The ~ liquid was stirced rapidly while the ammonium 
hydroxide was added- until a gelatinous, thick mass was 
obtained making furthe! stirring practically impossible. 
-
The product may be filtered immediately to remove 
the bulk of the watero The plates were broken into 
suitable pieces and carefully transferred to a crystalliz-
ation dish containing methanol. The dish was gently 
swirled once or twice a day, and the methanol was replaced 
-
at 2- to 4-day intervals; it was changed at least four 
times over a 2-week periodo 
After alcohol exchange~ the plates were packed 
-
loosely in ~ glass autoclave liner filled with pure _ 
methanol. The liner was placed in a stainless steel 
- - -
autoclave, and methanol was added to fill the autoclave 
completely, which was then sealed and heated slowly to 
256° while tf1e meth~n ol was bled off slowly, as necessary, 
to keep the pressure below 1500 p.s.i. Between 260° -
18 
and 280° ble eding was continued for about 2 hr to main-
tain the pr essure as long as possible in the range from 
1200 to 1500 p.s.i. Ultimately, the clear aerogel was 
removed from the autoclave and calcined in air at 606°c 
-
to remove impuriti es . The plates had specific surface 
. 2 . 
areas of 300 to 350 m /g as measured by nitrogen 
adsorp tion, and were shown by X-ray an a lysis to be 
o-a 1 um ·i na. 20 
2. Silic a Aerog e l plate: 
The 50 ml of stock solution containin g 40 val% 
tetraethy l orthosil icate (Fish er Purified ) in methanol 
was mi xed with 30 ml of concentrated HCl, f·i ltered, and 
pour ed onto mercu r y in a crystalliz~tion dish. 29 The 
.. 
dish was th en covered. Within 3 hr, a glass-clear sheet 
of gel was for me d. After an additional 16 hr, the gel 
was broken into smaller pieces and transfer red to a 400 ml 
bath of 50% aqu eous methanol. The fo llowing day the bath 
was chang ed to 25% aqueous methan ol, and later in the day 
to distill ed H
2
0. During the following week, the H2o 
was ch~nged four times. The gel plates were then aged 
for 4 hr in H
2
0 at l00°C in a closed autocla~e. They 
were then transferred to 50% aqueous met hanol, and after 
-
a few ho urs, to absolute methanol. After three successive 
changes of methanol (400 ml ea ch) _during the next week, 
the plate s were transferred to a glass autoclave liner. 
19 
Methanol was added td fil l the lin e r completely, and the 
. . . 0 . 
plates were autoclaved at 250-3 00 C while methanol was 
vented sl ow l y to maintain pressur e betw ee n 1200 and 
1500 p.s. i . until most of the methan ol had been vented. 
-
After t he pressure had dropped to 1 atm , the autoclave 
was t hen co oled for tw o hours. 
The f inal plates were relativel y f lat, transparent, 
and fr~e f rom crac ks. Surface areas, af ter calcination 
in ~i r at 666°c for 2 hr, were 756-asb m2;g as measured 
by N2 ~dsorption .
29 
Ad so r bat es 
Th e tran s-stilbene was obtained from East man Organ ic 
Chemic als and was scintillat ion grade . I t was used as 
rec e ived . 
Th e az ob cn zen e was obtained fr om Matheson, Coleman 
and Bell . It was used as received. 
Vacuum Line 
-
The vacuum li ne was cons tr ucted of Pyrex with 
diffusion and fore pump connections being made with Tygon 
tubing re inforced with coiled nichrom e wire. The joints 
and stop cocks on the vacuum line were gre ased with 
Apiezon N. The for e pump was a Welc h Duo-Seal model 1400 
and the diffusion pump was a CVC VMF -11 with Dow Corning 
704 silico ne pump fluid. Performanc e for the system, · 
20 
while cold trapped wi'th liquid nitrogen, was lo- 6 Torr 
without sample and lo- 5 Torr with unheated sample system. 
Manifold pressures were monitored by a Kontes/Martin 
M-403120 cold cathode vacuum gauge system. 
Irradiation Source 
All sample irradiation was done using an Osram 200 
watt super pressure mercury lamp (HBO 200W). The power 
s u p p 1 y' w a s a n 0 r· i e 1 m o d e 1 6 2 4 0 a n d t h e 1 am p vl a s c o n t a i n e d 
in an Oriel model 6137 housing. The housing was equipped 
with a 35 mm f /1.0 ultraviolet gra de f used silica lens. 
The source emission was filtered through a 313 nm Oriel 
interf erence filter. 
Infr ared Cell 
The pic tures of the infrared cell, which was con . 
structed of Pyrex, are shown in Figures 4 and 5. Calcium 
fluoride windo ws were sealed with the mixture of 3120 RTV 
encapsulan t and RTV catalys t F (Dow Corning) .. The 
11 Sealit 11 from Fisher was used to seal any pinholes found 
in the cell, and Apiezon T grease was used for the ground 
joints and stopcock. Furnace area was made by winding 
nichrome wire. 
The sample disks were mounted in a sample holder at 
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controlled magnet , an d could be moved between the furnace 
section and t he i nfra r ed be am. 
The adsor bate, ei the r t r ans-stilbene or azobenzene, 
was seale d in to a sma l l bul b befor e each trial, and the 
bulb was t hen put into the t ube as s hown in Figure 4. 
Proc edur es 
Th e i nf r ared spectra wer e record ed on the Perkin-
Elmer 521 gra t ing infrared spec t rophotometer. 
1. Before Activating the Ads o rben t ~ 
The tran2-stilbene, appr'oxi ma tely 1.80 x 10-3 mol es/ 
gram of al umina or 3.73 x 10- 4 mol e s/gram of silica, was 
place d i n the bulb. In the case of azobenzene, approxi-
mately ·i .24 x lo- 3 moles/gram of alumina or 4.74 x lo- 4 
moles/gr am of silica, was pl aced in the bulb. 
A sui table disk, either a lu mi na or silica, was 
selected and mounted in the sample holder. The bulb 
sealed wit h either trans-stilbene or azob enzene was put 
into the tube. The infrared cel l was then assembled and 
-
connected with the vacuum system. A few hours later . the 
cell was cl osed-off and removed fr om the vacuum line for 
infrared recording. 
-
2. Adso r be nt Activation: 
Reconne ctin g with the vacuum line the disk was moved 
into the fu r nace via the rem ote magnet assembly. The cell 
24 
was evacuated, and t~en flushed with oxygen several times. 
For the purpose of calcining the disk, oxygen was 
admitted to the cell until a pressure of 200 mm was 
reached, and the cell was closed-off immediately. The 
-
aerogel disk was heated for 1 to 5 hours at a given 
temperature which was measured by a chromel-alumel thermo-
couple gauge (Assembly Products). A crushed ice bath 
was us~d for the reference junction. 
Subsequen tly, the disk was heated at the given 
temperature for 15 minutes with the opening of the cell. 
Aft er cooling to room temperature, the cell was closed-
off and detached from the vacuum line before the spe~tra 
were recorded. 
3. Adsorb ate Introduction: 
The cell was returned to the vacuum line and out-
gassed until the pressure of 16- 6 Torr was reached with 
the trapping of liquid nitrogen. Adsorption of various 
adsorbates was carried out at low pressures. 
-6 At the pressure of 10 Torr, the cell was closed-
off and the bulb was broken by dropping the magnet. The 
adsorbate was diffused on the surface of aerogel disk 
either with the help of heatgun or placing the whole cell 
into th e oven to facilitate the volatilization. The 
spectra were recorded after the cell was evacuated for a 
-
half hour to remove the excess amount of adsorbate. 
25 
4. Irradiation: 
The sample was irradiated for 30 minutes at a 
distance of 55 mm. The power supply setting for the 
irradiation source was 52 volts and 3.0 amps. The spectra 
were recorded after the irradiation. 
5. Dark Reaction: 
It is known that under certain conditions irradiat-
ing a sample of adsorbed stilbene or azobenzene on the 
surface of alumina or silica causes a change in the 
-
sampl e. The change is reversible when the sample is 
a·llowed to sit for a period of time. The reverse reaction 
following irradi ation is known as the dark reaction. 13 , 40 
The infrared spectrum was measured after a period 
of time to see if a dark reaction had occurred. 
26 
RESUlTS AND CONCLUSIONS 
trans - stilbene adsorbed onto alumina trials 
Trial 1. alumina acti~ated at 400°c: 
The band at 3700 cm- 1 attributed to isolated hydroxyl 
groups disappeared by the adsorption of trans-stilbene and 
a broad absorption ban d appears between 3640-3520 cm- 1. 
The band at 1330-1270 cm- 1 corresponding to olefinic 
CH = CH in-plane be nd ing is .unchanged after irradiation. 
The irradiation, how~ ver, did somewhat decrease the 
intensity of th e bands which are attributed to aromatic 
C = C stretchin g . The dar k reaction ha s not been observed 
at this trial. The characteristic bands are summarized 
in table 1 and infrared spectra are attached in the 
Appendix. 
Trial 2. alu mina activated at 300°C: 
Similarly, the band at 3700 cm- 1 attributed to 
isolated hydroxyl groups disappeared by the adsorption 
of trans-stilbene and a broad absorption band appears 
around 3640-3540 cm- 1• The band at 1330-1290 cm- 1 
corresponding to olefinic CH = CH bending disappeared by 
irradiation. The b~nd intensity of aromatic C = C 
-
stretchi ng vibration is decreased upon irradiation. The 
detailed information can be obtained from table 2 and the 
infrared spectra in the Appendix. 
r 
Table 1. Characteristic peaks of infrared spectra. 
position, cm- 1 1 2 3 4 designation 
3700 X isolated hydroxyl group 
stretch 
2910, 28 40 X X X ? 
2330 X X X ? 
1590-156 0 X X X 
1470 X alumina




3640 - 35 20 X X hydr O)' yl group stretch 
3050, 30 20 X X aro mati c CH str e t ch 
2500 X ? noise 
1590 - 155 0 X X 
1490 X X aromatic c = c stretch 
i450-1420 X X 
1330-1270 X X olefinic CH = CH in plane 
bend 
1960 X 
1870 X aromatic C 
1800 X 
Remarks: 
- 1 = acti;ated alumina at 400°C for 1.5 hours 
2 - trans-stil be ne adsorbed onto alumina 
3 = after irradiation _ 
4 = dark reaction (not observed) 
x = appearance 
- - disappearance 
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Table 2. Characteristic peaks of infrared spectra 
-1 position, em 1 2 3 4 
3700 X 
2960-2920 X X X 
2330 X X X 
X X X 
designation 










X X X 

















hydroxyl group stretch 
aromatic CH stretch 
aromatic C = C stretch 
? 
olefinic CH = CH in plane 
bend 
1 = acti~ated alumina at 300°C for 2 hours 
2 = trans-stilbene adsorbed onto alumina 
3 = after irradiation 
4 = dark reaction (not observed) 
x = appearance 
disappearance 
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Trial 3. alumina acti vated at l03°C: 
From tabl e 3, it wil l be observed that the broad band 
at 3600 -2980 cm- 1 is uncha nged during this trial. This 
broad ba nd is attributed t o the combination of molecular 
water and hydroxyl groups. The bands at 1330 cm- 1 and 
1290 cm- 1 , corresponding t o olefinic CH = CH bending, 
disap peared upon irradiat io n. The decre ased intensity was 
also op served for the ban ds of aromatic C = C stretching 
vibra tion after irradiation . The re ar e no significant 
chang e s which have b~en obser ve d for the ba nd s correspond -
ing to dark r eac ti on. 
Fr om the r es ults of these t hr ee trials we can draw 
fi~e po ssible conclusions. Fi r s t , the band at 3700 cm- 1 
dis appe ars by the adsorpt ion of tran s- stilbene and a 
broad abso rption band appea rs at lower frequency. Th : s 
phenom e no n indic at es that only weak interaction occurs 
between the hydroxyl groups and the adsorbate. Peri 39 
observed the same situation when buten e adsorbed on the 
surface of alumina aerogel. 
Seco nd, the band of olefini c CH = CH bending of 
trial 1 do es not disappear after irradiation. There is 
one pos si ble explanation for t his. As the surface is 
activate d at t emperatures high er than 400°C, adjacent 
hydroxy l ions are considere d to condense and eliminate 
water, leaving oxide ions on the surface. Underlying 
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Table 3. Characteristic peaks of infrared spectra. 
position, cm- 1 1 2 3 4 designation 
3600 - 2980 X X X X molecular water and hydroxyl 
group stretch 
2830 X X ? 
2330 X X X X ? 
1590-1450 X X X X alumina's and ·hydroxyl group 
bend 
several peaks 
betwe r-~ n . 
2000 -1800 X X X aromatic c 
1-590 - 1550 X X ? 
14.95 X X X aromatic c = c stretch 
1450 X X X 
1380 X ? 
1330, 1290 X olefinic CH = CH in plane 
bend 
Remarks: 
1 = acti~ated alumina at 103°C for 5 hours 
. 2 = trans-stilbene adsorbed onto alumina 
3 = after irradiation 
-
4 = dark reaction ob~erved after 16 hours 
x = appearanc e 
- - disappearance 
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aluminum ions are con·sidered to be exposed to the surface 
by spaces, too narrow for the adsorption of molecules, 
between the superimposed oxide ions in the outer layer. 
Peri 23 , 39 suggested that if the surface hydroxyl content 
decreases below 33 percent of the original value, these 
results either the formation of (a) .adjacent aluminum 
ions exposed to the surface, or (b) an oxide ion wi~h four 
neares~ neighbor s of its oWn kind in the outermost layer. 
Peri con sidered that the defect structure of the type (a) 
might possibly accommodate olefins by coordinating their 
~-electron s in a manner similar to that in metal-olefin 
coordinat ion complexes. The complex for irradiated tran s -
stilben e adsorbed on 400°C acti~ated alumina is possibly 
the stru cture I of Figure 2 which was proposed by Hecht 
and Jensen. 13 The formation of the dative sigma bond 
forces a change in the SP 2 hybridization which lifts the 
phenyl rings f rom the surface (structure II) .. With 
increased surface activity the concentration of exposed 
aluminum ions increases on the surface and the electro-
static interaction with the electrons of the phenyl ring 
also increases. The greater the surface activity the 
more significant is the interaction which tends to main-
tain the phenyl rings in the planar configuration. The 
result is a weakening of the dative sigma bond. There-
fore, in this complex the double bond is preserved and 
there i s no significan t change of the olefinic CH = CH 
bendin g during this t r ia l. 
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Th ird, the band corre sponding to olefinic CH = CH 
bendin g disappeared upon i rradiation for alumina activated 
at lo we r temperatures. Whe n alumina is heated at lower 
temp erature, som e of the ad sorbed water is desorbed while 
some r eacts to form hydroxy l groups. It is believed that 
- -
eith er_ molecular water or hyd r oxyl groups are involved in 
this r eaction. Hecht 40 s ugg es ted a kind of reaction which 
might be concer ne d with thi s case (Figure 6). The 
radi ation possibly le ads to t he formation of surface 
pe rox ides, which are known to yi e ld epoxtdes through 
inter action with olefin s . 
Fo ur t h, fro m the infra r ed spectra it is obvious that 
the inten si t y of the bands corresponding to aromatic -
C = C st retchi ng is decrea s ed less for the trial 1 than 
that fo r the ot he r two trials upon irradiation. The 
intensi ty of an infrared band is pr oportional to the 
square of the derivative of the dipole moment with respect 
to dis t ance along a -normal coord inate associated with a 
particul ar vi brational mode. Th is indicates that the 
interactio n between phenyl ri ngs and surface -aluminum 
ions of trial 1 is strongly bonded. The fact that the 
band i ntens ity of t r ial s 2 and 3 decreases upon 
irradi ati on is s ugge s t ed t o be an indication of a 
~J 
MOH + (C6H5)HC=CH(C6H5) + H2o ~ 
(C 6H5)HC-CH(C6Hs) + H3o+ \I 
0 r 
M 
Figure 6. The suggested reaction when trans-stilbene adsorbed onto 
lower activated alumina 
w 
w 
weakening of the bond between the phenyl groups and the 
surfac e . 
Fifth , there is no dark reaction which has been 
observed for these three trials. 
Azobenz ene adsorbed onto alumina trials 
Trial 1. alumina activated at 400°C (table 4): 
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The bands at 1364 cm- 1 and 1345 cm- 1 are attributed to 
the aromatic C-N stretching . These bands disappeared by 
irradi ation, but the recovery was not observed after 15 
hours. 
Trial 2. alumina acti vated at 105°C (table 5): 
Th e anticipated band of aromatic C-N stretching can 
not be obs erved after the adsorption of azobenzene, and 
there i s no significant change during this trial. 
In conclusion, it is believed that the N = N double 
bond character is changed by irradiation, but the actual 
situation remains unknown. The in vestigator considers two 
kinds of intermediate, where ei-ther an aluminum ion or an 
oxide ion is bonded to both nitrogen atoms. In either case 
the N N double bond character can not be preserved. The 
reverse reaction has not been obseived. The bands of 
aromatic C-N stretching have not been observed on trial 2 
which is possibly due to the perturbation by the bands of 
molecular water and/or hydroxyl groups. 
Table 4. Characteristic bands of infrared spectra. 
-1 positio n, em 1 2 3 4 
3720 X 
2330 X X X X 
1557 X X X X 
designa t ion 





alumina's band and hydroxyl 
x x x x group bend 
1380-1 374 X X X 
- - - --- ... ~--~·--- ... --- ·-.. ---:--- ·--
3670 X X . hydroxyl group stretch 
3050 , 2960, aromatic CH str e tch and 
29 3 0 X X X alumina's 
1557, 1480 , 
1455 X X X aromatic c = c stretch 
13 64, 1345 X probably C-N stretch 
1295, 1270 X X X ? 
. 3580 X hydroxy l group stretch 
Remark s: 
1 = alumina acti~ated at 400°C for 2 hours 
2 = azobenzene adsorbed onto alumina 
3 = after irradiation 
4 = dark reaction 




Table 5. Ch aracterist ic bands of infrare d spectra. 
- 1 positio n, em 1 2 3 4 designa tion 
broad band molecu lar water and hydroxyl 
3600- 3000 X X X X groups stretch 
2330 X X X X ? 
broad peak 
1560-1 540 X X X X ? 
---~ .. ..... ___ ~----·#·--·· ____ .._ 
15 00, 
14-50-1430 X ? 
... --· 
1560 X X X 
- .... -.. - --
'1475 X X X aromat ic c = c st retch 
- .----:-- -- ... ------·-- ---- .- --
14 50 X X X 
----. ·· ----···~· ·--·--· --·-·--
sever al peaks 
betw een 
2000-1 80 0 x x x aromat ic C 
Remar ks: 
1 = alu min a act ivated at 10 5° for 2.5 hours 
2 = azob enzene adsorbed onto al umina 
3 = after irradiation 
4 = dark reaction 
x = app earance 
dis app ea rance 
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trans-st ilbene or azobenzene ads orbed onto silica trials 
From table 6, table 7 an d i nfrared spectra, it will 
be obs erved that intens e absorp tion bands of silica 
exclud e frequencies below 2000 cm- 1 from study. There-
fore, similar obs ervation s can not be made for aliphatic 
bands of adsorbed trans - stilbene or azobenzene. 
Cat alytic studies sh ow that t he surface of alumina 
is mar€ active toward chem ical interaction with electron-
donor mol ecules than a silica su rface. Since the 
propert ies of the hydroxyl groups of an alumina surface 
with r eferenc e to interaction wi t h adsorb ed molecules 
do not appr r ciably differ from t ho se of the hydroxyl 
groups of silica, the difference in chemical activity 
may be due to th e existence of ot her, more active 
adsorpt ion ce nters on the alumina surface. 
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Table 6. Characteristic bands of trans-stilbene adsorbed 
ont o silica aerogel. 
position, em ~ 1 1 2 3 4 designation 
broad band 
3680-3 580 X X X X Hydrogen bonded OH stretch 
2950 X X X X ? 
2850 X X · x X ? 
··- ---· --
1875 X X X X SiO combina tion 
1630 X X X X H OH bend 
--·- - ... --·-------·--- ...... --~ 
3060 X X X 
arom at ·i c CH str e tch 
3.030 X X X 
2990 X X X ? 
22.50 X proba b1y SiH stretch 
Remarks: 
1 = sil ic a activate d at 300°C for 2 hours 
2 = tr an s-stil bene adsorbed ont o silica 
3 = aft er irradiation 
-
4 = dark reaction observe d after 5 days 
x = appearance 
Table 7. Characteristic bands of azobenzene adsorbed 
onto silica aerogel. 
position, cm- 1 1 2 3 4 designation 
broad band 
3740 -3620 X X X Hydrogen bonded OH stretch 
2950 X X 1 
----~--
2850 X X X ? ___ ........ 
2240 X X X probably SiH stretch 
30 50 X X aroma t ic CH stret ch · 
----
2310 , 2370 X ? 
Re marks: 
-
300°C 1 = silica activated at for 2 hours 
2 = azobenzene adsorbed onto silica 
3 = after irradiati on 
-
4 = dark reaction (not observed) 
x = appearance 
disappearance 
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trans-Stilbene adsorbed onto alumina trials 
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